Ordered mesoporous carbon (OMC) materials were synthesized from a mesoporous silica KIT-6 (3-D cubic Ia3d meso-structure) as the hard-template via a nano-replication method. Hydrophilic and hydrophobic OMC materials were prepared using different carbon precursors including sucrose (suc-OMC) and phenanthrene (phe-OMC) at different carbonization temperatures of 700 C and 1100 C, respectively. The OMC materials thus obtained exhibit high surface areas, uniform mesopore sizes and highly ordered meso-structure. To investigate the hydrophilicity effect of OMC materials on the performance of lithium-sulfur battery, we prepared the samples having different ratios of the suc-OMC to phe-OMC, which were 100:0, 75:25, 50:50, 25:75 and 0:100. As a result, the mixed OMC materials (with ratios of 75:25, 50:50 and 25:75) exhibited better cycle performances, compared to those of the suc-OMC and phe-OMC.
INTRODUCTION
Lithium sulfur batteries (LSBs) have received increasing attention due to their high specific capacity of 1675 mAhg −1 and high theoretical energy density (with a Li electrode) of 2600 Whkg −1 , which are 3-5 times more than those of conventional lithium ion batteries. [1] [2] [3] [4] In addition, sulfur, which is an active material of LSBs, is relatively inexpensive, abundant and environmentally friendly. 5 In spite of these advantages, the LSBs have not yet commercialized due to a number of problems: the low electrical conductivity of elemental sulfur and rapid capacity fading caused by dissolution of polysulfides into the electrolyte. [1] [2] [3] [4] [5] [6] To overcome these obstacles, various kinds of carbon materials, such as carbon black, activated carbons, carbon nanotubes and graphene, have been investigated as carbon/sulfur composite cathodes. [7] [8] [9] [10] [11] Recently, ordered mesoporous carbon (OMC) materials have been regarded as one of the most promising candidates as high-performance electrode materials for LSBs. 3 4 2 13 The OMC material, replicated by mesoporous silica template SBA-15, has a uniform pore diameter of 3.3 nm, a very high pore volume of 2.1 cm 3 g −1 and * Author to whom correspondence should be addressed.
a large surface area of 1976 m 2 g −1 . These meso-structural properties of OMC materials can facilitate a sulfur loading of up to 70 wt%, leading to high and reversible capacities with good rate properties and cycle performances. 1 More recently, the OMC material having a bimodal mesomicroporous structure (7.3 nm and less than 2 nm) exhibits improved cyclability and high utilization of sulfur.
14 The other important property of the OMC materials in the LSBs is the hydrophilicity of carbon frameworks, which can affect the adsorption and desorption of sulfur and polysulfide species during the cycling.
Herein, we report the hydrophilicity effect of OMC materials on the performance of lithium-sulfur batteries. The OMC materials were obtained using sucrose (suc-OMC) and phenanthene (phe-OMC) as the carbon sources in order to control the hydrophobicity of carbon frameworks. The hydrophilic suc-OMC material was produced at relatively low carbonization temperature of 700 C, because the surface hydrophilicity of OMC material increase as the amount of oxygen species increase. 15 16 The carbonization temperature was 1100 C for the phe-OMC material, in order to maximize its hydrophobicity. Mixtures of the suc-OMC and phe-OMC materials, with different ratios, were used as the cathodes in LSBs, in 
Preparation of OMC and S/OMC Composite
The procedure for the synthesis of OMC materials is the same as the nano-replication method published elsewhere. 18 19 In the case of hydrophilic OMC (suc-OMC), a precursor solution containing 3.0 g of distilled water, 3.75 g of sucrose (reagent grade, Aldrich) and 0.423 g of sulfuric acid (95%, Samchun) was infiltrated into the mesopores of 3.0 g of the KIT-6. The composite material was dried at 100 C for 6 h and subsequently at 160 C for 6 h. The infiltration and drying process was repeated once more with an additional 66 wt% precursor solution of the first infiltration. Then, the composite was carbonized at 700 C for 5 h under N 2 flow. In the case of hydrophobic OMC material (phe-OMC), 1.59 g of phenanthrene (Aldrich) and 3.91 g of p-toluenesulfonic acid monohydrate (99%, Samchun) were mixed with 3.0 g of the KIT-6. This mixture was then heated to 160 C and maintained there for 6 h, in order to infiltrate the precursors within the mesopores. The composite was then carbonized at 1100 C for 5 h under N 2 flow. Finally, the suc-OMC and phe-OMC materials were obtained by the removal of the silica template with an HF solution. In order to control the hydrophilicity of OMC materials, the suc-OMC and phe-OMC were mixed with different ratios of 100:0, 75:25, 50:50, 25:75 and 0:100.
Infiltration of sulfur within the mesopore of OMC (i.e., S/OMC composite) was performed by a melt-assisted diffusion procedure. 0.5 g of the OMC material was mixed with 0.5 g of sulfur (99.5 %, Samchun) and the mixture was ground for 10 min, leading to the sulfur loading of 50 wt%. Afterward, the mixture was heated at 160 C for 24 h, thereby improving the sulfur distribution within the mesopores of the OMC material via the capillary phenomenon.
Characterization
X-ray diffraction (XRD) patterns were obtained using a Rigaku D/Max-2500 equipped with Cu K radiation at 40 kV and 300 mA. Scanning electron microscopy (SEM) images were taken with a Hitachi UHR S 5500 FE-SEM operating at an accelerating voltage of 30 kV. All N 2 adsorption-desorption isotherms were collected on a Micromeritics Tristar system at a liquid N 2 temperature. The OMC materials were degassed on a vacuum line at 140 C for 12 h, while S/OMC composites were degassed at room temperature for 24 h. Specific BrunauerEmmett-Teller (BET) surface areas were calculated from the adsorption branches in the range of relative pressure p/ 0 = 0 05 − 0 20 Total pore volumes were calculated at a relative pressure of 0.99 (p/p 0 . Pore size distribution curves were obtained from the adsorption branches using the Barrett-Joyner-Halenda (BJH) method. Elemental analysis using energy dispersive X-ray spectrometer (EDS) was carried out on a JED-2003F.
Electrochemical Analysis
In order to prepare a slurry, 0.35 of S/OMC composite was mixed with 0.05 of super P (10 wt%, MMM) and 0.10 g of polyvinylidene difluoride (PVDF) dissolved in N -methyl-2-pyrrolidone (NMP, biothech grade, 99.5 %, SigmaAldrich). The slurry was then pasted on an aluminum current collector and dried in a vacuum oven at 50 C overnight. Electrochemical tests of these electrode materials were performed using 2032 coin cells with lithium metal foil as the anode. The electrolyte was 1 M LITFSI in dimethyl ether (DME)/diglyme/dioxolane (DOX) with a volume ratio of 6:2:2. All capacity values were calculated on the basis of sulfur mass. The charge/discharge rate was set to 0.1 C, and the electrochemical performance was measured between 1.5 and 3.0 V.
RESULTS AND DISCUSSION
The highly ordered mesoporous silica template KIT-6 could be confirmed by small-angle XRD pattern, as shown in Figure 1 (A). The XRD pattern shows three peaks of (211), (220) and (332), implying the Ia3d mesostructure of KIT-6. Figure 1 (B) depicts the N 2 adsorptiondesorption isotherm and the corresponding pore size distribution curve obtained from the adsorption branches by BJH method. The isotherm is a typical type-IV isotherm, meaning that the silica template has well-defined mesopores. The BET surface area, mesopore size and total pore volume of the KIT-6 are 759 m 2 g −1 , 7.3 nm and 0.97 cm 3 g −1 , respectively. Figure 2 shows XRD patterns of OMC mixtures and the corresponding S/OMC composite materials. The welldefined XRD patterns of the suc-OMC and phe-OMC materials (Fig. 2(A(a and e) )) indicate that the OMC materials are successfully replicated from the mesoporous silica template KIT-6. No distinct changes are observed upon mixing the suc-OMC and phe-OMC, as shown in Figure 2 (A). Figure 2(B) shows the XRD patterns of the OMC materials after the sulfur infiltration. They have no or low intensities compared to those of the corresponding OMC series (Fig. 2(A) ), proving successful sulfur incorporation into the mesopores of the OMC materials.
SEM images show the highly ordered meso-porosity of OMC materials before and after sulfur loading (Fig. 3) . Regardless of the ratios of the suc-OMC and phe-OMC materials in the OMC mixtures, all samples display ordered meso-structures and no structural differences are observed before and after the sulfur loading. EDS analysis indicates that all the S/OMC composites contain around 45 wt% of sulfur, which closely matches the expected sulfur loading. Figure 4 shows the N 2 adsorption-desorption isotherms of the OMC series and S/OMC composites. All the OMC mixtures give well-defined type-IV isotherms, indicating highly ordered mesostructures, whereas the large hysteresis loops of the OMC materials evidently decrease after the sulfur loading (Fig. 4(B) ). This could also demonstrate successful sulfur loading within the mesopores. Table I summarizes the physical properties of the OMC series and S/OMC composites.
The S/OMC composites with about 50 wt% sulfur loadings were used as the cathodes in the LSBs. Table II summarizes the battery performances of the S/OMC composites. As shown in Table II , the suc-OMC (100:0) and phe-OMC (0:100) materials provide higher discharge capacities at the first cycle, compared to the mixed OMC materials (75:25, 50:50 and 25:75). The initial specific capacities are 869 mAhg −1 and 780 mAhg −1 for the suc-OMC and phe-OMC, respectively. However, at the second cycle, the discharge capacities for the suc-OMC and phe-OMC decrease rapidly to 513 mAhg −1 and 484 mAhg −1 . Thus, both the suc-OMC and phe-OMC materials show the poorer cycle retention. For easier viewing, all of the initial capacities, listed in Table II , are normalized to 100% (Fig. 5) . Unlike the suc-OMC and phe-OMC materials, the mixed OMC series show much better cycle retention. In the case of OMC-75:25, it shows approximately 90% of cycle retention after two cycles, while the suc-OMC and phe-OMC materials exhibit only about 60% of cycle retention. This result implies that lithium polysulfide species, which are either hydrophilic or hydrophobic, could be held by both the hydrophilic and hydrophobic sides of the mixed OMC materials better than the non-mixed OMC materials, which contain only one side. For example, if a hydrophilic OMC material is used as the cathode for a lithium sulfur battery, only the hydrophilic part of lithium polysulfides can be trapped and vice versa. This would explain why the mixed OMC materials showed the better cycle retention depicted in Figure 5 .
CONCLUSION
Ordered mesoporous carbon materials were synthesized via the nano-replication method, using mesoporous silica template KIT-6. For the hydrophilic OMC material, sucrose was used as a carbon precursor and the carbonization temperature was 700 C. On the other hand, the hydrophobic OMC material utilized phenanthrene as a carbon source and was carbonized at 1100 C. The obtained OMC materials have well-defined mesostructures, high surface areas and uniform mesopore sizes. In the electrochemical measurement results, the mixtures of the suc-OMC and phe-OMC materials showed better cycle retention than the suc-OMC and phe-OMC materials. It is considered that the mixture of the suc-OMC and phe-OMC has both hydrophilic and hydrophobic parts, so it traps lithium polysulfide species more than the other cases of using non-mixed OMC materials (suc-OMC or phe-OMC only 
